We present the orbital structure of MnTiO 3 with polarization dependent x-ray absorption and resonant x-ray emission spectra accompanied with electronic structure calculations. The results clearly indicate a strongly anisotropic O 2p-Mn 3d orbital hybridization whereas the Mn 3d hole state shows a highly delocalized characteristic ascribed to the 3d-4p mixing. The extended Mn 4p orbital could enhance the exchange interaction between Mn (3d)-O (2p)-Mn (3d) leading to an asymmetric charge distribution in Mn-O bonds. The delocalized characteristic of Mn 3d holes is indispensable to the mechanism of spin-dependent-metal-ligand hybridization to explain magnetically induced ferroelectricity. V C 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4866462] Magnetoelectric (ME) effects, through which magnetism and ferroelectricity are intimately coupled, remain of great interest, in part due to the discovery of new multiferroic materials as well as gigantic ferroelectricity induced by a frustrated magnetic ordering. For a substance such as E-type antiferromagnetic (AFM) HoMnO 3 the competing magnetic-exchange interactions, of similar magnitude, produce unconventional spin states that break inversion symmetry. The doubleexchange interaction, asymmetric electron hopping of orbitally polarized e g states that produces a polar charge distribution, thus drives the magnetically induced ferroelectric dipole, arising even without atomic displacements. 1 The microscopic mechanism of magnetically induced ferroelectricity in AFM-E manganites can be realized by the spin-dependent metal (d)-ligand (p) hybridization, based on the strong spin-orbit coupling. 1, 2 The altering angular dependence of the d-orbital wave functions and hence the electron density via the p-d hybridization might generate an electric dipole moment, similar to the procedure in the charge transfer model. 3 In that situation, the degree of delocalization of transition-metal d holes is of crucial importance. Only when the transition metal d holes exhibit a delocalized characteristic, the mechanism of spin-dependent metalligand hybridization can be tenable. However, little investigation has been devoted to study comprehensively its influence on the exchange interaction as well as the induced ferroelectric dipole. The d orbital degree of freedom, localization, or delocalization has not been verified yet, probably due to the difficulty in the measurements. As established, resonant x-ray emission spectroscopy (RXES) is a powerful technique to provide detailed information about the degree of delocalization of the unoccupied states or hole carriers in materials. 4, 5 The technique is thus utilized in this study. Herein, we focus on the material of MnTiO 3 because it is another compound that shows magnetically controlled electric polarization with the linear magnetoelectric effect. 6, 7 Similarly, this effect occurs as inversion symmetry breaking. The electric polarization (P) is zero unless and external magnetic field (H) is applied. In the presence of a magnetic field, P increases proportionally to H, and correspondingly, magnetization M increases linearly with applied electric field E. Both effects are deducible from the macroscopic free energy term F(L,E,H), in which L is the antiferromagnetic order parameter. 8 However, the microscopic mechanism of giant ferroelectricity in MnTiO 3 is even less understood. We thus intend to characterize the Mn 3d orbital of MnTiO 3 with experiments and calculations, especially for Mn 3d-O 2p and Mn 3d-Mn 4p orbital hybridizations. With a clear framework of orbital construction and identification of orbital degree of freedom, the microscopic mechanism of ferroelectricity in MnTiO 3 is discussed clearly in this study.
In this work, MnTiO 3 single crystals were synthesized with a four-mirror floating-zone method. The rhombohedral structure, R-3, of single-crystalline MnTiO 3 was characterized with four-axis x-ray diffraction according to which a periodic diffraction pattern was identified. Polarization dependent O K-edge and Ti K-edge x-ray absorption near edge structure (XANES) spectra were probed at National Synchrotron Radiation Research Center (NSRRC) in Taiwan. O K-edge spectra were recorded by collecting surface-electron (total electron yield, TEY) and fluorescence (total fluorescence yield, TFY) signals simultaneously to confirm the consistency between the surface and the bulk. are displayed. Feature A is situated at a smaller energy for E//c with an intensity significantly greater than for the E//ab plane. Feature B also exhibits a greater intensity for the E//c spectrum than for the E//ab spectrum. These large spectral variations indicate that the hybridization between O 2p and Ti 3d, or Mn 3d, orbitals is highly anisotropic. To identify precisely the corresponding orbitals in the polarization dependent O K-edge XANES spectra of MnTiO 3 , we performed calculations of the electronic structure with the accurate full-potential projected-augmented-wave method as implemented in the VASP package within the generalized-gradient approximation (GGA) as well as the GGA plus Hubbard U (GGAþU) scheme. 9 The calculations were performed over a 13 Â 13 Â 5 Monkhorst-Pack k-point mesh in the irreducible Brillouin zone using 72 000 plane waves with energy truncated at 500 eV. On-site Coulomb energy U ¼ 4 eV and exchange parameter J ¼ 0.6 eV were used for Mn ions to explore the correlation effects in 3d orbitals whereas we used U ¼ 0, J ¼ 0 for Ti ions because of the nearly empty valence electron shell. Figs. 1(b)-1(e) present the calculated density of states of MnTiO 3 focusing on the conduction band region. These results clearly expose the Ti 3d orbital, divided into the low-lying t 2g and high-lying e g states under a crystal field, contributes mainly to the electronic structure about 1.8-2.9 eV (feature A) and 4-6.1 eV (feature B), respectively, whereas the contribution of the Mn 3d state is mainly at 4-6.1 eV (feature B) relative to the Fermi level. In D 3d symmetry, a trigonal distortion of the MO 6 (M ¼ Ti, Mn) octahedra further splits the t 2g state into non-degenerate a 1g and doubly degenerate e p g sub-states whereas the e g state remains doubly degenerate, now called e r g . As indicated in the calculated density of states shown in Figs. 1(c) and 1(d) , the splitting in the Ti 3d state is much greater than that in the Mn 3d state, because the local distortion in TiO 6 octahedral symmetry is more severe than that in MnO 6 octahedral symmetry. According to the split levels shown in the upper part of Fig. 1(a) , the features in the O K-edge spectra are satisfactorily assigned. Intense feature A, in the polarization-dependent O K-edge XANES spectra of MnTiO 3 Fig. 1(d) . The intensity of feature B significantly greater for E//c than for E//ab thus reflects the stronger hybridization between O 2p and Mn 3d orbitals lying near the c axis.
Figure 2(a) shows the polarization dependent Ti K-edge XANES spectra of MnTiO 3 recorded by collecting fluorescence emitted from the sample with a Lyttle detector. As noted, a pronounced difference in the pre-edge region and the near-edge region was observed with polarizations E perpendicular or parallel to the ab plane. The absorption features in the pre-edge region are ascribed to the quadrupole transition from 1s to 3d-4p mixing states, upon the non-symmetric molecular structure or an additional contribution of a 4p dipole characteristically mediated by O atoms. 10, 11 In Fig. 2(a) , we observe a prominent feature in the pre-edge region of Ti K-edge XANES spectra of MnTiO 3 , especially for polarization E//ab, thus reflecting the hybridization of Ti 3d and 4p orbitals occurring predominantly in the ab plane.
We investigated also the orientation of Mn orbital in MnTiO 3 with polarization dependent Mn K-edge XANES spectra. To expose evidently the feature in the pre-edge region of Mn K-edge spectra, spectra were recorded in the partial fluorescence yield (PFY) mode at the undulator beamline BL12U1 of Spring-8 in Japan. They were measured on tuning the spectrometer energy to the maximum of the Mn Kb 1,3 emission line while scanning the incident photon energy across the Mn K-edge. The detector was oriented perpendicular to the incident beam polarization to suppress the elastic scattering peak and to improve the ratio of signal to noise. Absorption spectrum recorded by the partial fluorescence yield thus exhibits much higher resolution than that Fig. 2(b) shows the polarization dependent Mn K-edge PFY-XANES spectra of MnTiO 3 . Apparent features in the pre-edge region were observed despite the polarization E perpendicular or parallel to the ab plane, reflecting the existence of Mn 3d/4p hybridization. One can also observe that the feature intensity is greater for polarization E//ab than for E//c. That condition indicates the slightly predominant hybridization of Mn 3d-4p orbitals in the ab plane.
To further explore Mn 3d orbital degree of freedom in MnTiO 3 , RXES spectra were also recorded at the undulator beamline BL12U1 of Spring-8 in Japan. RXES spectra of MnTiO 3 were recorded with various incident energies across the Mn K-edge. The spectra consist of characteristics in two parts named Raman (for which the transfer energy is constant) and normal fluorescence (for which the transfer energy varied with excitation energy); the former existed at a photon energy of the incident beam far below the threshold energy of Mn K-edge excitation whereas the latter is shown purely in the photon energy far above the threshold energy. When the incident photon energy is tuned and passed through the pre-edge, rising-edge, and white-line regions of K-edge, it is possible to distinguish the emission due to 1s-3d (quadruple forbidden), 1s-3d/4p mixing, and 1s-4p (dipole allowed) transitions, respectively. RXES thus can provide information on the difference of electric quadrupole and dipole transitions. 13 Figure 3 displays the Mn K-edge PFY-XANES and the RXES spectra of MnTiO 3 with the incident beams at energies 6533, 6544, and 6555 eV, respectively. The pure Raman characteristics are expressed clearly in Fig. 3(b) whereas the purely normal fluorescence characteristics are shown in Fig. 3(d) . For the incident energies near the pre-edge and absorption-edge of the Mn K-edge, the spectral characteristics of RXES spectra arise from the contributions of both Raman and normal fluorescence parts, as shown in Fig. 3(c) . The inset in Fig. 3(a) further integrates the intensity of the Raman characteristic and the normal fluorescence characteristic into the pre-edge region of Mn K-edge XANES spectra. As indicated, the Raman regime is limited to a few eV ($5 eV) in the pre-edge region, before the fluorescence regime begins. Normal fluorescence characteristics survive at even a lower excitation energy identifying clearly the delocalization of Mn 3d hole states in MnTiO 3 . Otherwise, if the normal fluorescence regime begins at a large energy, the localized character of the metal 3d orbital is denoted. 5 Mn 3d hole states with a highly delocalized characteristic are attributed to the mixing of 3d/4p states because the Mn 4p state, being very broad, might extend even over several atoms. 4, 14 As demonstrated in references, MnTiO 3 exhibits a linear magnetoelectric effect with the easy axis along the c axis below T N $ 64 K. 6 Ferroelectric polarization increases linearly with applied magnetic field along the c-axis followed by an abrupt suppression above Hc. The sharply suppressed ferroelectricity was attributed to spin flopping. 7 There are several microscopic mechanisms for ferroelectricity, including the spin-current, 2, 15 Dzyaloshinskii-Moriya (DM) interaction, 16 and exchange striction mechanisms. 2 But MnTiO 3 exhibits an antiferromagnetic ordering, 7, 17 with a small D value (mutual cancellation) and a weak spin-lattice coupling. 6 Three mechanisms mentioned above are thus not useful in MnTiO 3 .
Magnetically induced ferroelectricity in MnTiO 3 can currently be explained with spin-dependent metal-ligand hybridization, 2, 18, 19 i.e., the p-d hybridization between the transition metal (M) and the ligand (O). Because of the hybridization relevant to the spin-orbit interaction, ionic charge q of the ligand can vary depending on the angle g between the spin of the transition metal and vector e connecting the transition metal and the ligand, i.e., Dq / S Á e ð Þ 2 . A local electric polarization DP / S Á e ð Þ 2 e thus exists between the transition metal and the ligand. 19 In this work, we have found evidence for a strongly asymmetric O 2p-Mn 3d (see Fig. 1 ) and Mn 3d-4p (see Fig. 3 ) hybridization in MnTiO 3 . O 2p-Mn 3d hybridization predominantly lies near the c axis in the slightly distorted MnO 6 octahedra in the slightly distorted MnO 6 octahedra with a small difference in long and short Mn-O bond lengths. Mn 3d-4p mixing on the ab plane constructs the orbital connection between Mn ions, via O 2p; Mn 3d holes thus show a delocalized characteristic. Exchange coupling in the connection of Mn (3d)-O (2p)-Mn (3d), on the ab plane, can thus occur especially upon the delocalized Mn 3d holes. Herein, the extended Mn 4p orbital, hybridized with the empty 3d orbitals, may partly account for the exchange interaction between spin electrons, as that in references the transition-metal 4p orbitals mediated a superexchange path. 14, 20 With applying magnetic field, spin, anti-parallel to the magnetic field, attempts to alter its direction, causing a spin fluctuation. Electron hopping of orbitally polarized Mn 3d states then proceeds mediated by oxygen ions. 1 Under strong spin-orbital coupling, an asymmetric charge distribution between Mn and O ions could thus be obtained, causing electronic polarization. The complete process is illustrated in Figure 4 . The state with two holes on the oxygen ion and extra electrons on manganese ions gives a nonzero contribution to the electric dipole in the direction orthogonal to the Mn plane.
In conclusions, polarization dependent XANES and RXES spectra, accompanied with calculations of electronic structure, expose strongly anisotropic O 2p-Mn 3d orbital hybridization whereas the Mn 3d hole state shows a highly delocalized characteristic ascribed to the mixing of 3d/4p orbitals. The delocalized Mn 3d hole is of crucial importance to the mechanism of spin-dependent metal-ligand (p-d) hybridization. Accordingly, the exchange interaction in the connection of Mn (3d)-O (2p)-Mn (3d) could occur and asymmetric charge distribution in Mn-O bonds can be obtained, under a strong spin-orbital coupling. This study evidence the delocalization of Mn 3d holes in MnTiO 3 that should be indispensable to the magnetically induced ferroelectricity. The results will be also of great importance to realize magnetoelectronic coupling in other multiferroic materials. 
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